We report the results of magnetic force microscopy (MFM) investigations of low-coercivity Co nanodiscs, with 50 nm lateral size and 20 nm height, fabricated by e-beam lithography and ion etching. We observed two types of MFM contrast in the form of Gaussian and ring distributions caused by strong probe-particle interaction. We compared experimentally the transformation of the MFM contrast from these low-coercivity nanodiscs caused by an external magnetic field applied in situ, and compared the experimental results with theoretical simulations.
I. INTRODUCTION

I
NVESTIGATIONS of magnetic states in small ferromagnetic nanoparticles by magnetic force microscopy (MFM) methods have a great importance both from fundamental and practical points of view, especially in connection with the development of high-density magnetic data storage systems [1] , [2] . Reducing the lateral sizes of particles down to 50 nm leads to the formation of single-domain states and in the absence of internal anisotropy, the coercivity of these particles becomes comparable with the MFM probe field. In this case MFM contrast is formed in the presence of a strong interaction between the probe and the particles, which leads to difficulties in the interpretation of experimental MFM images [3] - [6] . Recently, we considered theoretically the possibility of using an external magnetic field to stabilize the magnetic moment in small, low-coercivity (LC) nanoparticles [7] . Here we report the results of experimental investigations of the MFM contrast peculiarities from LC ferromagnetic Co nanodiscs in an external magnetic field, which confirm the previous calculations.
II. EXPERIMENTAL TECHNIQUE
The ordered arrays of ferromagnetic nanodiscs were fabricated by e-beam lithography and subsequent ion etching of thin Co films [8] . The particle thickness was 20 nm and the lateral size varied in the range 50-70 nm. The electron microscopy and e-beam lithography were performed using a "JEOL-JEM 2000EX II" scanning electron microscope. The investigations of the discs' magnetic states were carried out using a vacuum scanning probe microscope, "Solver HV," manufactured by "NT-MDT" Company. This was equipped with a dc electromagnet incorporated in the vacuum vibroisolating platform. MFM measurements were performed in the oscillatory noncontact (con- The white scale bar is 1 m. stant height) mode using cantilevers with 50 nm Co coating. The double-amplitude of cantilever oscillations was about 30 nm and the average scanning height was 50-60 nm. The phase shift of cantilever oscillations caused by the gradient of the magnetic force was registered as the MFM contrast. All measurements were performed in a vacuum of 10 torr, which increases the MFM signal due to an increase in the cantilever quality factor.
III. MODELING OF MFM CONTRAST FOR LOW-COERCIVITY FERROMAGNETIC PARTICLES
The point probe approximation [9] was used in the model calculations. The MFM tip was approximated as a uniformly magnetized sphere with an effective magnetic moment, ( is the remanent magnetization of the tip capping material and is the effective volume of the interactive part of the tip). Analysis of experimental data shows that the typical effective volume of magnetic material for our probes with Co coating where is the cantilever quality factor, is the cantilever force constant, and is the -component of the force. The calculations of model MFM images were performed in the dipole-dipole approximation. The details of computer simulations of peculiarities in MFM contrast formation for LC nanoparticles are reported in [7] .
IV. RESULTS AND DISCUSSIONS
A typical SEM image (plan view in secondary electrons) of fabricated Co nanodiscs is represented in Fig. 1 . The SEM contrast in this mode underscores the discs' edges [10] . The discs vary in lateral size (50-70 nm) and shape (circles and ellipses).
The constant height mode MFM image of the fabricated array of Co nanodiscs is represented in Fig. 2 . The preliminary sample magnetization was zero. In one experiment, we tilted the sample to obtain different tip-sample separations. The inclination was set by means of stays regulation and was checked in atomic force microscopy mode. Thus, during MFM imaging the scanning height was reduced from 70 nm at the bottom right corner (Fig. 2) to 30 nm at the top left corner, so the strongest tip-particle interaction was observed in the area 2 in Fig. 2 . Note, that only some of the discs with an elliptical shape demonstrate bipolar MFM contrast, which corresponds to a uniform magnetization in the sample plane. Most discs show a complicated MFM contrast distribution.
The MFM image that demonstrates the MFM contrast typical for LC discs with their magnetic moment confined in the disc plane (area 1 in Fig. 2) is presented in Fig. 3(a) . During scanning in area 1, the magnetic field from the MFM tip, , became larger than the coercive field, , of the discs, , and the contrast distributions had a ring shape (marked by arrows), which corresponds to the rotation of the disc magnetic moment in the magnetic field of the scanning tip. For comparison, the model MFM distribution predicted in [7] is shown in Fig. 3(b) .
When the distance between the probe and the particle was further reduced (area 2 in Fig. 2 ), the probe-particle interaction increased, , and the MFM contrast distribution became Gaussian (Fig. 4) , which corresponds to the out-of-disc plane magnetization disturbance. In this case, the magnetization of the disc is fully oriented along the probe field during scanning. The frame size is 2 2 2 m.
The transformations of the ring contrast distribution caused by an external magnetic field were also investigated. Magnetic field, , in the range of 600 Oe was applied in the sample plane. The results of in situ MFM measurements and corresponding computer calculations of the ring contrast evolution due to the external magnetic field are presented in Fig. 5(a)-(f) .
The different phases of the bipolar contrast formation predicted in [7] are clearly seen. With increasing external field, , full stabilization of the MFM images was observed. Fig. 6 demonstrates the transformation of the ring contrast caused by increasing . In a strong magnetic field, , the MFM contrast distribution has bright and dark poles [ Fig. 6(c) ], which correspond to the image of the particle uniformly magnetized along . The same effects of the stabilization of the MFM contrast in an external field were observed for all nanodiscs in different places of the sample (see Fig. 7 ).
V. CONCLUSION
The magnetic force microscopy investigations of low-coercivity Co nanodiscs with lateral sizes 50-70 nm and 20 nm height fabricated by e-beam lithography and ion etching were carried out. Two types of MFM contrast in the form of Gaussian and ring distributions caused by strong probe-particle interaction were registered. The Gaussian distribution was observed for low scanning heights. This type of contrast is formed due to full orientation of the sample magnetization along the strong magnetic field of the MFM tip. The ring distribution was observed for the middle scanning heights when the probe field is less than the coercive force, which confines the magnetization of the discs in-plane.
The transformation of the MFM contrast from low-coercivity nanodiscs due to an external magnetic field applied in situ was investigated experimentally. It was shown that the external magnetic field applied in the sample plane stabilizes the magnetic moment of the nanodiscs. When the external field is larger than the tip field, full particle stabilization is observed and MFM contrast distribution has a simple symmetry with bright and dark poles, which corresponds to the image from the particle uniformly magnetized along the external field. It allows selection of the contribution from magnetic tip-sample interaction in the phase MFM contrast. In particular, for complicated samples the external field assisted MFM measurements enable the separation of Van-der-Waals artifacts and real MFM contrast.
